The rapid and nonintrusive deployment of seismic sensors for near-surface geophysical surveys is of interest to make data acquisition efficient and to operate in a wide variety of environmental and surface-terrain conditions. We have developed and compared near-surface data acquired using a traditional vertical geophone array with data acquired using three different fiber optic cables operating in a distributed acoustic sensing (DAS) configuration. The DAS cables included a helically wrapped fiber, a nearly bare single-strand fiber, and an armored single-strand fiber. These three cables are draped on the ground alongside the geophones. Equivalent processing on colocated shot gathers resulted in a high level of similarity, in particular for reflection energy acquired through geophones and the helically wrapped cable. The single-strand fibers indicate much less similarity. Frequency content, however, differs in the raw and processed gathers from the geophones and the fiber optic cables. Nonetheless, results demonstrate that DAS technology can be used successfully to acquire near-surface reflection seismic data by deploying the cables on the surface. Potential applications for this technology include rapid deployment of active and/or passive arrays for near-surface geophysical characterization for various applications at different scales.
INTRODUCTION
This paper presents a unique near-surface seismic data set of vertical geophone data and data acquired with distributed acoustic sensing (DAS) fiber optic cables, with an emphasis on the reflections. The experiment included three separate DAS cables, one helically wrapped and two single strands. These cables were not buried in a shallow trench (e.g., Dou et al., 2017) ; rather, they were draped alongside the geophones on the surface. The data demonstrate the known directivity differences between a helically wrapped versus a single-strand cable. We demonstrate that near-surface reflection seismic data can be acquired using DAS technology by deploying the appropriate cable on the surface.
Rapid deployment of seismic sensors for subsurface characterization has been a goal for several decades. In addition to speed and efficiency, surface-terrain considerations might render one type of sensor or another more useful. Examples of this effort include the snow streamer (Eiken et al., 1989; Rygg et al., 1993) , where a marine streamer with hydrophones acted as the seismic array on snow-covered glaciers. In much different settings, Mukerji (2001, 2004 ) use a portable dense 3D array of geophones. Use of land streamers ; Van der Veen et al., 2001 ) and the autojuggie in 2D (Steeples et al., 1999; Spikes et al., 2005) showed how rapidly geophones could be deployed while recording seismic data. Subsequent versions of the autojuggie in 3D demonstrated that ultrashallow imaging could be done economically in various settings (Tsoflias et al., 2006; Miller et al., 2017) .
These various approaches were limited in terms of the surface terrains in which they could be deployed. The snow streamer was used in only the one setting. Automated planting of geophones in 2D or 3D is easiest done where few to no surface obstacles are present. Furthermore, planting geophones is extremely difficult or impossible on hard surfaces such as compact soils, sands, gravels or surface rock layers, or pavement. An alternative to using geophones is accelerometers. However, they must be oriented properly and coupled to the ground sufficiently, and they require power. The newest seismic sensors are fiber optics used in DAS. DAS technology provides a measurement of strain over a given length of the fiber optic cable when the fiber is interrogated with a laser and timing instrument. DAS technology has been used in wellbores for vertical seismic profiling and calibration purposes (e.g., Mateeva et al., Manuscript received by the Editor 11 July 2018; revised manuscript received 28 October 2018; published ahead of production 13 December 2018; published online 13 February 2019. 2014; Olofsson and Martine, 2017) , imaging, (e.g., Harris et al., 2017) , time-lapse monitoring (Correa et al., 2017; Mateeva et al. 2017) , fracture detection (James et al., 2017) , and inversion of elastic properties (Egorov et al., 2018) . DAS has been used in surface deployments in various configurations and for various purposes (e.g., Daley et al., 2013; Bakulin et al., 2017; Castongia et al., 2017; Dou et al., 2017; Hornman, 2017; Jreij et al., 2017; Costley et al., 2018) . Common among these surface deployments were the use of DAS cables buried in shallow (<1 m) trenches. Here, we demonstrate that DAS can be used for seismic investigations when the cable is draped on the surface.
EXPERIMENTAL SETUP
The field site was along a foot path in a city park west of Austin, Texas, on a Colorado River terrace composed of compacted, clayrich soil a few meters deep overlying limestone bedrock. The compacted soil provided quite good geophone-to-ground coupling and direct contact with the DAS cables. The seismic experiment consisted of four parallel lines designed to acquire coincident 2D data in each line (Figure 1 ). The first line contained 96, 14 Hz geophones spaced at 1.5 m for a total line length of 142.5 m. Second was an approximately 160 m long helically wrapped DAS cable (provided by Silixa LLC) draped on the ground alongside the geophones. The pitch angle was 27°relative to the axial direction; the cable contained a jacketed central strength element with a nylon outer sheathing. This cable is deemed cable 1 for future reference. For the third line (cable 2), a nearly bare approximately 160 m long, straight, single-strand fiber was spliced to the helically wrapped cable. Last, the fourth line, about the same length as the other two (cable 3), was an armored, straight, single-strand fiber spliced to cable 2. Cable 3 was sheathed in a plastic coating. Each splicing location resulted in noise at the ends of each cable. The helically wrapped cable was originally part of a much longer cable intended for use in a wellbore study. The available length of it was the result of it being cut from the much longer cable. Accordingly, the major concern was that after unspooling this cable, it would coil up on itself. Out of extreme caution to this possibility, we deployed sand bags on the DAS cables every 9 m. This effort altered the coupling of the cables to the ground at the locations of the sand bags, but it did not necessarily improve the signal quality substantially.
A Geometrics Geode system with four units recorded the data from the geophone line. An iDas2 interrogator system from Silixa LLC recorded the data from the three fiber optic cables. The seismic source was a 12 lb sledgehammer striking an aluminum plate. The sledgehammer was equipped with an accelerometer that served as the trigger generator. We acquired the trigger signal through a microcontroller-based board that generated two TTL signals suitable to activate the two systems simultaneously. The delay from the microcontroller-based board was measured in the laboratory using an oscilloscope and estimated at <10 μs. The time-sampling interval for the Geometrics Geode system was 1 ms with a 1 s recording time. The gauge length for the iDas2 system was 10 m with an interrogator sampling frequency of 10 kHz and a time sampling interval of 1 ms. The trace spacing was set to 1 m. Vertical stacking was four at each source location for the geophones and the three cables. We acquired data at 48 shot locations along the lines at a 3 m interval.
An important note is the major difference of duration of time for the deployments of the two systems. A crew of eight took approximately 45 min to plant the 96 geophones, string the take-out cables, clip in the geophones, and deploy the Geometrics Geodes and batteries and other associated cables. On the other hand, unspooling the helically wrapped cable and draping it alongside the geophones took approximately 5 min with the same number of people. The singlestrand cables required a few minutes each to lay. Splicing of the DAS cables to each other took approximately 30 min.
DATA PROCESSING
We focus on the data from one coincident shot location from the four lines. Silixa applied proprietary denoising on the DAS data. After that, the processing steps included shot-signature deconvolution, normal moveout (NMO) correction, a Radon transform and filter to remove nonflattened events, and removal of the NMO correction. Specific to the shot-signature deconvolution, the method used was spectral estimation following Wilson-Burg (Fomel et al., 2003) . The parabolic Radon transform served as a linear-velocity filter that removed the nonflattened events, in particular, the surface waves.
RESULTS
Data displayed are shot gathers and amplitude spectra for raw data, after shot-signature deconvolution, and after the Radon transform and filter. Figure 2a displays the geophone data, Figure 2b for cable 1, Figure 2c for cable 3, and Figure 2d for cable 4. Trace-totrace gain was used for display. The offset ranges are not identical for the shot gathers due to slight differences in the lengths of the DAS cables and the geophone line, which also dictates the number of traces contained in each gather. In particular for cable 2, determining the exact location for the end of the cable versus the splice location proved difficult, which is why the negative offset range for that cable is shorter relative to cables 1 and 3. Rayleigh wave modes are present in each gather. Given the directivity of the DAS cables, i.e., Kuvshinov (2016) , cable 1 (helically wrapped) contains vertical and potentially horizontal components of the Rayleigh waves. Cables 2 and 3 (single strands) contain mostly the horizontal components. In the geophone data, the Rayleigh waves at short times and offsets are clipped, but not in the DAS data. The surface waves in the cable data also have a step-like appearance. Figure 2e contains the average amplitude spectra for the geophone and cable 1 data. The overall behavior is similar, but the cable 1 spectrum has some notches whereas the geophone spectrum is smooth. Spectra for cables 2 and 3 (Figure 2f ) are quite similar. Figure 3 shows the gathers and spectra after source-signature deconvolution. Each gather shows 0.25 s of data, different from Figure 2. In addition, the display gain is AGC with a 100 ms window. For the geophone data, the air wave is much more apparent in Figure 3a relative to Figure 2a . The clipped Rayleigh waves are also more apparent. In the cable data, high-frequency, nearly horizontal noise is present, particularly in cable 1 (Figure 3b-3d) . The spectra in Figure 3e show some similarity up to approximately 110 Hz for the geophones and cable 1, although cable 1 demonstrates some notches. Greater than 110 Hz, the two spectra deviate. In Figure 3f , cable 2 clearly contains noise beginning at approximately 60 Hz. Cable 3 shows decaying frequencies at approximately 70 Hz.
Following the source-signature deconvolution, NMO correction was applied to flatten any hyperbolic events. The Radon transform was then applied, and any nonflattened events were filtered out, followed by removal of NMO correction. Figure 4 shows the four coincident shot gathers after these steps displayed with a 100 ms AGC operator. Figure 4a and 4b, geophone data and cable 1, respectively, contains significant reflection energy. The step-like behavior is present in some of the reflections in Figure 4b , and to some extent in Figure 4c and 4d. Although some possible reflection signal is present in Figure 4c and 4d, the coherency is much diminished relative to cable 1 and the geophone data. Reflection energy is possible in these cables at relatively short times and offsets if reflections have significant horizontal components. The apparently flat events at near offsets and long times are likely artifacts from the Radon transform. Figure 4e and 4f contains the average amplitude spectra for the gathers in Figure 4 . In Figure 4e , the geophone and cable have notches but in different bands. Spectra for cables 2 and 3 still show similarity.
DISCUSSION
Data from the geophones and cable 1 clearly display differences in frequency content, apparent in the gathers and the spectra. Inherent response differences between geophones and the helically wrapped cable could in part explain the differences in the frequency content. Moreover, this cable is sensitive in its axial and radial directions, so it detects horizontal and vertical components of any arrival. Therefore, the recording is a composite of both components that might have different intrinsic frequency contents. A further complication in the interpretation of the data in cable 1 is the likely presence of S-waves, given its horizontal (axial) sensitivity. To separate and identify any composite recording, or S-waves, would require an independent horizontal measurement. In principle, the straight, single-strand fibers could provide this information if the data were of high enough quality. Last, the step-like behavior of surface waves in the raw data and in the reflections after the Radon transform could be due to the presence of the sand bags or to oversampling within the gauge length. The simpler explanation is that the sand bags cause these effects. Future work with these data includes processing to obtain stacked sections for additional comparison. A separate study would be to perform surface wave spectral analysis on the comparative data.
Numerical modeling will be required to understand the differences in boundary conditions of buried versus surface-deployed cables. Applications for this technique include rapid deployment of passive or active arrays for near-surface seismic characterization, civil and geotechnical-engineering investigations, environmental monitoring, and security and military operations. The system along with an active source could be mounted on an autonomous vehicle to acquire seismic data in locations dangerous for humans (e.g., on ice or radioactive locations). Such an autonomous vehicle potentially could be constructed for deployment to solid bodies in the solar system. Passive data could also be acquired. Alternatively, a rover-operated system could deploy DAS cable(s) on the surface and acquire active-source seismic data using a mounted impact source.
CONCLUSION
The purpose of this work was to compare conventional geophone data to data acquired with fiber optic cables in a DAS mode in a surface-based experiment. Results indicate that, from a qualitative standpoint, data from the helically wrapped DAS cable show a similarity to the geophone data. An important part of this similarity is the radial sensitivity of a helically wrapped cable. These data demonstrate that near-surface reflection seismic data can be acquired successfully using DAS technology by deploying the appropriate cable on the surface.
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